Background and Purpose-CADASIL causes repeated ischemic strokes leading to subcortical vascular dementia. The purpose of this study was to assess whether cerebral blood flow (CBF) and regional cerebral metabolic rates of glucose (rCMR gluc ) in CADASIL patients are affected in early adulthood. Methods-CBF and rCMR gluc were examined with positron emission tomography in correlation with magnetic resonance imaging (MRI) in 14 adult (19 to 41 years) CADASIL patients with the Notch3 R133C mutation. Seven patients had experienced transient ischemic attack and 3 had experienced Ն1 strokes. Results-The mean CBF in the CADASIL patients was significantly lower in both frontal (Pϭ0.019) and occipital (Pϭ0.009) white matter (WM) than those in the controls. CBF decreased significantly with increased severity of the disease. The patients had lower mean rCMR gluc values than the controls, although differences were not statistically significant. Sum scores of semiquantitative MRI rating scale (Scheltens) correlated significantly with WM CBF but not with rCMR gluc . Conclusions-In CADASIL, there is an early and significant decrease in the CBF of WM associated with simultaneous MRI changes. These are obviously caused by the arteriopathy in long penetrating arteries and indicate early tissue damage, also expressed as impaired rCMR gluc in the WM.
C erebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is a progressive disease of small and medium arteries caused by mutations in the Notch3 gene, 1,2 which lead to degeneration of vascular smooth muscle cells in arteries throughout the body, although the clinical symptoms are only neurological. CADASIL is characterized by recurrent ischemic episodes and cognitive decline leading to subcortical vascular dementia. In addition, migraine with aura or psychiatric disorders occur in Ϸone third of the patients. 3, 4 Magnetic resonance imaging (MRI) of CADASIL patients shows characteristic periventricular white matter (WM) hyperintensity in T2-weighted (T2w) images in asymptomatic CADASIL patients. 5 Later T1-weighted (T1w) images disclose multiple lacunar infarcts in WM and deep gray matter (GM), the volume of which correlates with disability. 6 In CADASIL, reduced cerebral blood flow (CBF) has been previously demonstrated with positron emission tomography (PET) in a 52-year-old homozygous patient and a 53-year-old heterozygous patient. 7 In another study, an asymptomatic CADASIL patient (age 58 years) had a 40% decrease in CBF in the cortex and WM and an increased oxygen extraction fraction but a normal cerebral metabolic rate of oxygen. 8 In the same study, a patient with dementia (age 63 years) had a more severe decrease in CBF and reduced cerebral metabolic rate of oxygen. With PET, it was recently shown that the regional cerebral metabolic rate of glucose (rCMR gluc ) is reduced in more disabled (Mini-Mental state examination [MMSE] mean value 22, Rankin mean value 2.6) CADASIL patients (mean age 55.8, range 46 to 65 years). 9 With MRI bolus tracking, CBF and cerebral blood volume (CBV) in symptomatic elderly CADASIL patients (mean age 58 years) were significantly reduced in the T2w hyperintensity areas of WM and more severely in patients with dementia. No significant reduction in CBF and CBV was observed in cerebral cortex. 10 In another study, elderly CADASIL patients (mean age 52.3 years) had decreased regional CBV in the T2w hyperintense WM, and the CBV correlated inversely with cognitive impairment and disability. 11 To assess whether CBF and rCMR gluc are affected in young adult CADASIL patients, we used PET to examine 14 patients (mean age 32.7 years) who had, at most, mildly impaired cognition (mean MMSE score 29, mean Rankin score 1.1). It was of special interest to examine if the CBF and rCMR gluc changes appear in parallel and whether MRI findings correlated with the changes in CBF and/or rCMR gluc .
Materials and Methods

Patients
Fourteen CADASIL patients from 6 families (8 females and 6 males, mean age 32.8Ϯ6.7, range 19 to 41 years) who had a confirmed C475T (R133C) Notch3 mutation were examined. Neurological and PET examinations were performed on the same day and MRI investigation was performed within 1 month of the PET examination. The degree of disability was graded according to the Rankin scale. 12 Cognitive status was assessed with MMSE. 13 The demographic data are presented in Table 1 .
Controls
Nine healthy volunteers (5 females and 4 males with a mean age 37.4Ϯ6.1 years, range 28 to 45 years) served as control subjects for the CBF study. Similarly, 16 healthy controls (9 females and 7 males; mean age 45.3Ϯ10.4 years, range 28 to 61) were studied for rCMRgluc. Five of the control subjects investigated for CBF and rCMR gluc were healthy members of CADASIL families who were confirmed to not have the Notch3 mutation. None of the controls had a history of neurological disorder and all had normal T1w and T2w MRI. The ethical committee of Turku University Hospital approved the study and all the subjects had given their informed consent.
PET Procedure
PET images were performed in a softly lit and quiet room using a GE Advance PET scanner (General Electric Medical Systems, Milwaukee, Wis) with the 2-dimensional scanning mode. The subjects were positioned in the PET scanner with the orbitomeatal line parallel to the detector rings. The axial and transaxial spatial resolution of the reconstructed images was approximately 5-mm full-width at half maximum.
The procedure for the synthesis and the automated method for the application of the 15 O-labeled water has been described previously. 14 On average, 1.3 GBq 15 O-labeled water was administered intravenously and a parametric CBF image was attained by an autoradiographic method 15 with a 90-second integration time. For rCMRgluc examination, 2-[18F]-fluoro-2-deoxy-D-glucose ([18F]FDG) was synthesized according to the earlier published methods. 16, 17 The radiochemical purity exceeded 95%; 3.7 MBq/kg (0.1 mCi/kg) was injected intravenously Ϸ10 to 15 minutes after termination of CBF examination and a dynamic scan for 55 minutes was acquired. During the PET study, arterial blood samples were drawn from the arterial cannula inserted in the radial artery.
The regions of interest (ROI) were identified and placed individually in the patient and control MRI scans, which were then matched with PET images using a surface-fitting method 18 and resliced according to PET images using trilinear interpolation. The ROIs were then copied on CBF and rCMR gluc examinations on both hemispheres in 17 transaxial planes. Circular ROIs were drawn on the frontal and occipital WM periventricularly on top of ventricles or just above the ventricle level in 4 planes. In addition, ROIs were drawn on the frontal, temporal, and sensorimotor cortical structures. ROIs were also placed on the hippocampus, putamen, and cerebellum. The rCMRgluc values in mol/mL per minute were calculated using the graphical analysis method described originally by Patlak and Blasberg. 19 
MR Imaging
All the CADASIL patients and control subjects were studied by MRI. Six patients were examined using 1.5 T Siemens Magnetom MR equipment. The MR study consisted of axial T2w spin-echo 3120/90 (repetition time/echo time) images with slice thickness of 5 mm and T1w sagittal 3-dimensional MPR (magnetization-prepared rapid-gradient echo) 10/4 images with flip angle of 10°and slice thickness of 1.5 mm. Eight patients were studied using GE Signa 1.5 T equipment. The corresponding details of axial T2w images were fast spin-echo 4520/81.6, slice thickness of 5 mm, T1w axial 3-dimensional fast spoiled gradient echo sequence, and 11.3/4.2 images with slice thickness of 1.2 mm. All the controls were examined using the same 1.5-T MR equipment. The T2w MRI images were graded according to a validated semiquantitative rating scale of Scheltens et al 20 (maximum sum scoreϭ78 points), and the number of lacunar infarcts were calculated in T1w images by the neuroradiologist (T.K.).
Statistical Analysis
The mean of left and right hemisphere CBF and rCMR gluc values were used in the statistical analyses. Differences in CBF and 
Results
Clinical Data
Two patients were asymptomatic. Seven patients had had at least 1 transient ischemic attack and 3 patients had experienced Ն1 strokes. Five patients had migraine with aura. One patient had chronic psychiatric disorder and another had undergone 2 epileptic seizures in early childhood as the only manifestations. The mean value of MMSE scores in the patients was 29 (range 24 to 30 points), ie, none of them had dementia. The mean score of the Rankin scale was 1.1 (range 0 to 2, see Table 1 ).
Cerebral Blood Flow
In the WM, the average CBF values of the patients (adjusted for age) were significantly lower than those in the controls (in the frontal WM: Fϭ8.25, Pϭ0.019; in the occipital WM: Fϭ10.36, Pϭ0.009; Table 2 ). The decrease of CBF in WM with age was greater in the patients than in the controls. The age Ϸ30 years seemed to be a transition zone for the decrease in CBF, similar to that for the appearance of infarcts, with the first one being detected in a 29-year-old patient (Table 1 ). In patients younger than 30, the CBF in WM was similar to the controls (frontal WM Pϭ1.00; occipital WM Pϭ0.08), whereas in the patients older than 30, the CBF was significantly (frontal WM Pϭ0.03; occipital WM Pϭ0.002) decreased (Figure 1 ). In cortex, hippocampus, putamen, and cerebellum, CBF was unexpectedly higher in the CADASIL patients than in the controls, although not significantly (Figures 1 and 2 , and Table  2 ). In the patients, CBF in the aforementioned regions significantly decreased with the patient's age (variation in different regions rϭ0.54 to 0.80, Pϭ0.04 to 0.0007). In the controls, significant association between CBF and age was observed only in sensorimotor (rϭϪ0.89, Pϭ0.001) and frontal (rϭϪ083, Pϭ0.006) cortex. In the GM, the mean CBF values of patients younger than 30 was higher than in the controls, whereas in patients older than 30 years it was lower (Figure 1) . 
Tuominen et al CBF and Glucose Metabolism in CADASIL
To reduce interindividual nondisease-dependent variation in CBF values, the percentage of CBF in frontal WM of that in frontal cortex was calculated in each individual. The mean percentages differed significantly (PϽ0.001) between the CADASIL and control groups (29.2% versus 38.1%).
Regional Glucose Metabolism Rates
In the CADASIL patients, the age-adjusted mean rCMR gluc values in all brain regions were lower, but not significantly, than in the controls (Table 3 ). The patients' rCMR gluc values decreased with age (data not shown). In the patients, the CBF and rCMR gluc values correlated significantly with each other in all examined GM regions, but not in WM.
Magnetic Resonance Imaging
All patients, including the youngest (19-year-old woman), had MRI findings (ranging from 4 to 41 according to Scheltens rating scale; 20 
Discussion
Our results demonstrate that CBF in WM is decreased in third decade of life, when T2w MRI changes appear and silent cerebral infarcts are possible but the patients have not experienced strokes. Total CBF (measured by phase contrast MRI in basilar and internal carotid arteries) was recently shown to be reduced in CADASIL patients in their late 20s. 21 In WM, reductions of parenchymal CBF have been reported in later adulthood. 7, 8, 10 In MRI, the changes appear to become detectable slightly earlier than in PET, but the small number of patients and great interindividual variation in CBF preclude a definite conclusion. In general, the reduction of CBF in WM and the increase of T2w MRI changes seem to appear in parallel. In our study, rCMRgluc was lower in the patients than in the controls, similar to those reported in cerebral cortex in midlife and late adulthood. 9 In patients younger than 30 years without stroke and with low MRI score, CBF in WM was already slightly lower than in the controls. Unexpectedly, the mean cortical CBF in patients younger than 30 years was higher than in the controls, but in older patients it decreased below the mean level of the controls, but never to such an extent as the WM CBF (Table 2, Figure 1) . Similarly, in a bolus-tracking MRI study, cortical CBF in patients older than age 40 years was only slightly lower than in the controls. 10 The increased Figure 2 . Representative PET scans of the CBF. In the youngest CADASIL patient (patient 1, left) without strokes and infarcts, the CBF in the WM is comparable to that in a control person (right); however, in the cerebral cortex it is somewhat higher. In patient 8 (middle) with 1 stroke and 9 lacunar infarcts in his T1w MRI, the CBF is clearly lower than in the control. cortical CBF in younger CADASIL patients and its marked decrease in older patients cannot be explained by aging alone. The average annual overall decrease in normal GM is reported to be only 0.37%, 22 whereas in our patients' frontal cortex it was Ϸ2.5% per year. It could be hypothesized that at an early stage, CBF via the deep penetrating arteries to the WM is reduced to such an extent that WM ischemia induces compensatory dilatation of cortical arteries, whereas the more severely affected WM arteries cannot dilate. At later stages, the cortical arteries also become affected and can no longer react by hyperemia. In accordance with this view, acetazolamide was reported to increase CBF less in T2w hyperintense WM than in the cortex. 10 The exact cause of the reduced CBF in WM at the very early stage in young adults is unknown. At a corresponding age, retinal electrophysiological disturbances related to blood supply have been reported. 23 Remarkably, the accumulation of granular osmiophilic material and degeneration of vascular smooth muscle cells begin before age 20, 2 and most likely these structural changes have a causal relationship with the CBF reduction. Alternatively, arteries in CADASIL patients may be developmentally altered, because Notch family genes are involved in angiogenesis. 24 Not much is known about rCMR gluc in WM. Thus, we can only speculate why in our young CADASIL patients that rCMR gluc in WM remained at a relatively normal level. It appears that the uptake of glucose from blood is sufficient or maybe even increased at reduced CBF levels. The trend of lower rCMR gluc in our young adults agrees with the recent report on cognitively and functionally impaired elderly CA-DASIL patients, in whom cortical rCMR gluc was significantly lower than in the 20-years-younger controls in that study. 9 In conclusion, in CADASIL there is an early significant decrease in CBF and an impaired rCMRgluc in WM, which is in accordance with the predominant affect of deep penetrating arteries. The parallel appearance of CBF reduction and MRI changes in WM implies early tissue damage in CADASIL.
